ABSTRACT. We investigated the contribution of quinolone resistance-determining region (QRDR) mutations to fluoroquinolone (enrofloxacin, orbifloxacin and danofloxacin) susceptibility in 58 Mycoplasma bovis isolates from dairy cattle in Japan. Fluoroquinolone non-resistant isolates (fluoroquinolone-MICs≤2 µg/ml) possessed no QRDR mutations (19 isolates) Mycoplasma bovis (Mb), a causative agent of bovine respiratory disease, causes high morbidity, and has an economic impact on the cattle industry [3] . Antimicrobials, such as fluoroquinolones, macrolides and tetracyclines, are important for treating Mb infections and preventing its spread in dairy calves. Fluoroquinolones are broad-spectrum antimicrobials, and enrofloxacin (ENR), orbifloxacin (ORB) and danofloxacin (DAN) have been approved for use in cattle in Japan. Fluoroquinolone minimum inhibitory concentrations (MICs) against Mb have previously been investigated [6, 8] . Mb isolated from cattle in Japan showed various ENR MICs (range≤0.125-4 µg/ml) [8] . Ten of eleven ENR-resistant (ENR MIC≥2 µg/ml) Mb isolates derived from cattle in Israel carried 2 missense mutations within quinolone resistance-determining regions (QRDRs), causing the amino acid substitutions (AASs) Ser83Phe in GyrA and Asp84Asn in ParC [6] . Although studies have suggested that QRDR mutations contribute to elevated ENR MICs, the association between QRDR mutations and fluoroquinolone MICs has yet to be confirmed in Mb [6] . We investigated QRDR mutations in Mb isolates and in vitro fluoroquinolone-selected mutants obtained from Mb isolates with various ENR, ORB and DAN MICs to clarify the effect of AAS in GyrA and ParC on fluoroquinolone resistance in Mb isolates from dairy calves in Japan.
Mycoplasma bovis (Mb), a causative agent of bovine respiratory disease, causes high morbidity, and has an economic impact on the cattle industry [3] . Antimicrobials, such as fluoroquinolones, macrolides and tetracyclines, are important for treating Mb infections and preventing its spread in dairy calves. Fluoroquinolones are broad-spectrum antimicrobials, and enrofloxacin (ENR), orbifloxacin (ORB) and danofloxacin (DAN) have been approved for use in cattle in Japan. Fluoroquinolone minimum inhibitory concentrations (MICs) against Mb have previously been investigated [6, 8] . Mb isolated from cattle in Japan showed various ENR MICs (range≤0.125-4 µg/ml) [8] . Ten of eleven ENR-resistant (ENR MIC≥2 µg/ml) Mb isolates derived from cattle in Israel carried 2 missense mutations within quinolone resistance-determining regions (QRDRs), causing the amino acid substitutions (AASs) Ser83Phe in GyrA and Asp84Asn in ParC [6] . Although studies have suggested that QRDR mutations contribute to elevated ENR MICs, the association between QRDR mutations and fluoroquinolone MICs has yet to be confirmed in Mb [6] . We investigated QRDR mutations in Mb isolates and in vitro fluoroquinolone-selected mutants obtained from Mb isolates with various ENR, ORB and DAN MICs to clarify the effect of AAS in GyrA and ParC on fluoroquinolone resistance in Mb isolates from dairy calves in Japan.
Fifty-eight Mb isolates were derived from nasal swabs of asymptomatic dairy calves from 51 farms located throughout Hokkaido during 2010-2011. These isolates were provided by 7 branches of the Hokkaido Agricultural Insurance Scheme (Dounan, Iburi-Hidaka, Ishikari-Sorachi, KitamiOhotsuku, Kushiro-Nemuro, Souya-Rumoi-Kamikawa and Tokachi) and were cultured in 1 ml NK broth (Kanto Chemical, Tokyo, Japan). After culture on modified Hayflick agar (35.5 g/l of PPLO, 15% equine serum, 2.5% yeast extract and 0.0024% deoxyribonucleic acid; Kanto Chemical) at 37°C in 5% CO 2 for 3 days to 1 week, a single colony was picked, inoculated into 1 ml of NK broth and further cultured at 37°C in 5% CO 2 for 3 days. ENR, ORB and DAN MICs were determined using the agar-dilution method and modified Hayflick agar (10 4 -10 5 CFU per plate) [2] . MIC was defined as the lowest fluoroquinolone concentration causing >50% inhibition of growth at 37°C in 5% CO 2 for 72 hr [5] . Because MIC breakpoints for Mb have not yet been defined, the breakpoints for ENR (susceptible, ≤0.25 µg/ml; resistant, ≥2 µg/ml), ORB and DAN (susceptible: ≤0.25 µg/ml; resistant: ≥4 µg/ml) were defined by dichotomizing bacterial populations according to these MIC distributions. QRDRs of gyrA, parC, parE and gyrB were sequenced as described previously [6] . Mb PG45 and the 58 isolates were stratified, based on QRDR mutation genotypes (QRDR-types). To obtain in vitro-derived fluoroquinolone-selected Mb mutants, we used Mb PG45 and voluntarily selected 2 or 4 Mb isolates with wild type or Ser83Leu mutation in GyrA, respectively, from each QRDR-type. These strains were cultured in NK broth and centrifuged; the pellets were resuspended in 0.85% NaCl and were spread (~10 10 CFU) onto modified Hayflick agar containing ENR, DAN or ORB at 2-, 4-or 8-fold higher concentrations than the respective MICs. Cells were then cultured at 37°C in 5% CO 2 for 1 week. Cloning was *CorrespondenCe to: tamura, Y., Laboratory of Food Microbiology and Food Safety, Department of Health and Environmental Sciences, School of Veterinary Medicine, Rakuno Gakuen University, 582 Bunkyoudai-Midorimachi, Ebetsu, Hokkaido 069-8501, Japan. e-mail: tamuray@rakuno.ac.jp ©2013 The Japanese Society of Veterinary Science performed at least twice using fluoroquinolone-containing agar. Mb PG45 was used as the control for susceptibility and detection of QRDR mutations (described in terms of Escherichia coli numbering).
QRDR-types and fluoroquinolone MICs of Mb isolates are shown in Table 1 . Nineteen (32.7%) isolates (wild type) were susceptible, and 32 (55.2%) (Type I: Ser83Leu in GyrA) were susceptible or intermediate to fluoroquinolones. Modes of fluoroquinolone MICs from Type I isolates were 4-to 8-fold higher than those of the wild type. Seven (12.1%) isolates were resistant to fluoroquinolones; these possessed AASs in GyrA and ParC (Type II: Ser83Leu in GyrA and Ser81Pro in ParC; Type III: Ser83Phe in GyrA and Ser80Ile in ParC). All these QRDR types were different from those in Israel [6] .
A fluoroquinolone-selected mutant derived from a wildtype isolate had the same AAS as Type I isolates, i.e., Ser83Leu in GyrA (Table 2 ). This mutant showed elevated fluoroquinolone MICs, but did not exceed resistance breakpoints. Fluoroquinolone-selected mutants derived from Type I isolates had an additional AAS at the same position in ParC (Type V: Ser83Leu in GyrA and Ser80Ile in ParC; Type VI: Ser83Leu in GyrA and Ser81Tyr in ParC) as Type II and III isolates, and fluoroquinolone MICs for these mutants exceeded resistance breakpoints. These findings suggest that an AAS at Ser83 in GyrA is sufficient to decrease fluoroquinolone MICs, but concurrently, an AAS at Ser80 or Ser81 in ParC plays an important role in fluoroquinolone resistance in field-derived Mb isolates.
QRDR-types IV-VIII were detected in vitro, but not in field isolates (Table 2) , possibly because of the effect of some QRDR mutations on bacterial colonization in the host [4] . 142-1DAN1-1 (Type V) demonstrated simultaneous AASs in GyrA and ParC; this phenomenon has been shown in M. gallisepticum [7] , suggesting these were likely to occur during spontaneous exposure of DAN present in the supplemented agar used for selection and cloning of a 142-1 derived mutant. QRDR-types of 4 fluoroquinolone-selected 
ENR-breakpoint: ≤0.25 μg/ml as susceptible and ≥2 μg/ml as resistant; ORB-and DAN-breakpoints: ≤0.25 μg/ml as susceptible and ≥4 μg/ml as resistant. a) Fluoroquinolone concentration used in agar selection. b) E. coli numbering. c) -, Wild-type. ENR, enrofloxacin; C, Cys; D, Asp; DAN, danofloxacin: G, Gly; I, Ile; L, Leu; ORB, orbifloxacin; S, Ser; Y, Tyr.
mutants derived from different Type I isolates varied: 1 mutant selected from ORB-supplemented agar was Type V, and 3 mutants selected from agars containing the same ENR concentration were Types VI-VIII. QRDR mutations occurred heterogeneously in other Mycoplasma strains from the same isolate, independent of fluoroquinolone agents or fluoroquinolone concentrations used for selecting fluoroquinoloneselected mutants in vitro [1, 7] . Although these data suggest that Mb has the same fluoroquinolone resistance mechanism attributed to heterogeneous AASs in GyrA and ParC as other Mycoplasma species, we do not have experimental evidence to show this in Mb because we did not use multiple fluoroquinolone agents or fluoroquinolone concentrations for a parent strain. These results should be further investigated in future studies.
ACKNOWLEDGMENTS. This study was supported by a grant from a program for developing a supporting system for upgrading education and research from the Japanese Ministry of Education, Culture, Sports, Science and Technology and a grant from the Japanese Ministry of Agriculture, Forestry and Fisheries.
